Capercaillie populations are declining in most of its distribution area and are especially vulnerable in southern Europe. There, the causes of decline have not been properly identified and conservation decisions are too frequently based on poor evidence. We analysed the trend of a relict capercaillie population in the Spanish Pyrenees on the basis of bird densities during the period 1989-2010, and we developed the first modelling exercise for the dynamics of a capercaillie population in southern Europe. We also explored management actions commonly used to enhance endangered prey species thought to be affected by hyperpredation: the release of captive-bred females, in varying numbers, the removal of predators and the combination of both actions, using available information from past captive-breeding experiments and from an ongoing experiment involving the removal of terrestrial mesopredators. The population was found to be declining at an annual rate of 4%. Restraining the unknown adult survival rate according to values reported in the literature, our modelling approach showed that recruitment (productivity + fledgling survival), rather than adult survival, was the demographic parameter to be improved as a result of management and, thus, most likely to increase the population growth rate. The removal of terrestrial mesocarnivores may lead to the stabilisation of the capercaillie population (lambda 0.99 ± 0.06), through the improvement of productivity, although this result should be considered as preliminary. However, the most effective management strategy was the combination of predator removal together with the release of 15, 30 or 45 adult females per year. These strategies should be viewed as urgency measures and should be implemented in combination with other long-term measures, such as the reduction of forest density, which may influence predation rate and food availability, and the control of the numbers of wild ungulates, which could be subsidising mesopredators in the area. We also present the adaptive management framework which will allow the results obtained from our current modelling to be updated in the near future, what will reduce the uncertainty regarding the best conservation strategies to apply in this and other similar populations.
Introduction
The southern European peninsulas housed many boreal species, which were isolated there after the retreat of the ice sheet that originated during the last glacial period of the Pleistocene Epoch (Hewitt, 1999) . These marginal populations are known to be prone to extinction and genetically impoverished, as they tend to occur in less favourable habitats and at lower and more variable densities (Vucetich and Waite, 2003) . Predation may compromise the persistence of such isolated populations, in the case of prey species (Macdonald et al., 1999) .
Although many studies have demonstrated that predators may only have a considerable impact on those prey populations that live 0006-3207/$ -see front matter Ó 2012 Elsevier Ltd. All rights reserved. doi:10.1016/j.biocon.2012.01.047 under unfavourable conditions (Genovart et al., 2010) , many authors have stated that predators can, at least, limit prey populations living under a wider range of situations (Connolly, 1978; Sinclair et al., 1998) . For example, hyperpredation occurs whenever there is an enhanced predation impact on an alternative prey species, due to an increase in predator numbers caused by either a rapid increase or a sudden drop in the abundance of its main prey (Moleón et al., 2008) . Unintended supplementary feeding or subsidisation of predators by human activities (i.e. landfill sites, hunting and fishing remains) may play the same role in increasing the abundance of their main prey, leading to a numerical response by predators that can drastically affect alternative prey populations, especially when those are in low numbers (Gompper and Vanak, 2008) .
To alleviate the effect of predation on vulnerable prey, many possible management strategies may be proposed. The restoration of the original top predator community (Gompper and Vanak, 2008) , the elimination of subsidisation sources for predators (Bino et al., 2010; Tablado et al., 2010) or the improvement of shelter availability within prey habitat (Evans, 2004; Lombardi et al., 2007) , have been widely invoked in conservation programmes. Although these strategies are more advisable because they aim at the long-term, continued increase or recovery of the target species, often other shorter-term strategies are carried out, sometimes because it is necessary to ''buy'' a few years before addressing the root of the problem (Igual et al., 2009 ), but often also because they are more visible to the donating public (Ludwig et al., 2001) . Two of the most widespread examples of these strategies are predator control and the translocation or release of captive-bred individuals. However, both strategies may be controversial, due to ethical and practical problems (e.g. Beck, 1995; Reynolds and Tapper, 1996; Smith et al., 2010) .
The positive effects of predator control tend not to be maintained over time, because density-dependent buffering processes tend to counter-balance the effect of removals (see e.g. Bosch et al., 2000; Smith et al., 2010) . In addition, most studies have evaluated the effect of predator removal in terms of improved breeding success. However, whether the associated increase in productivity actually represents a relevant effect on the growth rate of the prey population is something that has seldom been assessed (Fletcher et al., 2010; Lavers et al., 2010) . In relation to the reintroduction of captive-reared wildlife, recently this technique has become more popular (Seddon et al., 2007) . However, the success of these programmes may be low when the causes of the original decline are not reversed at the time of the release or because captivereared animals have not had previous exposure to local predators or food sources in the wild (Snyder et al., 1996; Wolf et al., 1998; Fischer and Lindenmayer, 2000) .
In this paper, we analyse the trend of a relict population of a ground-nesting prey species, the capercaillie (Tetrao urogallus) in the Pyrenees, a species that is classified as ''vulnerable'' under Spanish law. We also examine different management scenarios for enhancing the population trend, using a population modelling approach, in an attempt to deal with the uncertainty surrounding its conservation. We use an integrative procedure that combines field-monitoring data from over 20 years and simulations, which accounts for environmental stochasticity. Specifically, we explore the effects of the release of captive-bred birds and of the removal of terrestrial mesopredators on a capercaillie population, since it is suspected that predation may be aggravating the situation of this isolated population, due to multiple and complex anthropogenic changes in a high-mountain environment. We have used available information from past experiences with captive breeding and from an ongoing terrestrial mesopredator removal experiment involving this population. We also present the current adaptive management framework for the conservation of this capercaillie population which should allow the update of our results in the near future.
Materials and methods

Study population and monitoring data
The capercaillie (T. urogallus) is the largest member of the grouse family in Europe and has been proposed as an 'umbrella' species (Suter et al., 2002) . Two of the twelve subspecies described for the species (T. u. cantabricus and T. u. aquitanus) are present in the Iberian Peninsula. Both populations are located in the southernmost edge of their world distribution, and are geographically isolated both from one another and from the other European populations. More than the 80% of the known leks of the Pyrenean capercaillie are located in Catalonia, in the northeast of the Iberian Peninsula (Robles et al., 2006) . The estimated number of males at leks has decreased by 31% in Catalonia since the early 1990s (op. cit.). The study population is located in the Pallars Sobirà region, which accounts for 35% of the known leks in Catalonia. Most of the study area is included in the Alt Pirineu Natural Park. The species mainly inhabits subalpine forests, located between 1500 and 2000 m a.s.l. They are dominated by mountain pine (Pinus uncinata), usually with a bilberry (Vaccinium myrtillus) and alpenrose (Rhododendron ferrugineum) shrub cover.
Empirical data consisted of ''route censuses'' (Rajala, 1974; Leclercq, 1987 ) from the summer monitoring programme, which has been carried out by the Catalan environmental agency since 1988. Censuses consists of a line transect of 8-18 people arranged at 10-m intervals, walking simultaneously through forest patches. At the time when the census is carried out, chicks are well grown and most of them are able to fly, so hereafter we will call them ''fledglings''. The number of flushed males, females and fledglings is recorded, as well as the area covered by each census. Undetermined birds are omitted from demographic parameter calculations. Sampling effort has exceeded 100 people per year (calculated by adding up the number of people who has participated in each census each year), since 1988.
Empirical estimation of population trend
The density of the adult birds (birds 100 ha À1 ) was estimated by dividing the number of adult males and females by the surface covered in each census. The annual density was calculated as the mean value of all the densities of the censuses carried out each year. This is the first occasion in which the available time series of summer counts has been compiled to estimate the trend of the Spanish Pyrenean population. Nevertheless, the use of this type of density data to estimate population trends is common in other countries (see Leclercq, 1987) . The total surface covered every year may affect the validity of the density estimates obtained, leading to non-representative estimates in those years in which the sampling effort was low due to logistic limitations. Preliminary linear regressions of density estimates with the surface covered each year determined that the minimum surface sampled to obtain density estimates irrespective of the surveying effort was 450 ha. Therefore, we used population densities from 1989 to 2010, filtering out years with a surveying effort of less than 450 ha, in order to estimate the population growth rate. Thus, we obtained a database that spanned 17 years. The finite annual population growth rate or deterministic growth rate (k) was calculated considering N t (the population size at time t) to be asymptotically proportional to N 0 k t , and hence estimated k is k = (N t /N 0 ) 1/t . Finally, in order to analyse the population trend, we performed a linear regression of population density and time so as to obtain the 95% confidence interval for the slope of the regression line. We tested the null hypothesis of population stability by checking whether the 95% confidence interval of the slope bracketed the value zero or not.
Simulated trend: modelling approach
Our modelling approach used a stage-structured post-breeding matrix population model to simulate the retrospective growth of the population between 1989 and 2010. We considered only one sex (female) and two age classes: fledglings (for birds less than 1 year old) and adults (thereafter) due to the lack of more structured information (Fig. 1) . We assumed, as in previous modelling approaches for the species (Sachot et al., 2006) , that males are not the limiting sex in lekking species. Hence, to parameterise the model we needed three vital rates: number of daughters per adult female in the population (hereafter, productivity Prod), survival of fledgling females (S Fl ) and survival of adult females (S Ad ). We ran 1000 replications of what we defined as our baseline model (see below) for a 22-year period with an annual time step, using RAMAS Metapop (Akçakaya et al., 1997) .
Productivity or breeding success was calculated, each year, as the number of fledglings divided by the total number of females, including both females with brood and broodless females observed during summer counts. All available studies coincided in pointing out that capercaillie female fledglings outnumber male fledglings during the August censuses (Wegge, 1980; Kangas and Kurki, 2000; Moss et al., 2000; Wegge and Rolstad, 2011) . In the simulation process, we included the number of daughters per female, from the observed productivity corrected by the sex ratio for fledglings of the southernmost European population for which estimates were available (0.59 female fledglings per adult female, given by Moss et al., 2000) . The standard deviation of this parameter was calculated using the Delta method to combine the standard deviations of productivity and sex ratio (Seber, 1982) . To avoid possible biases due to small sample size, we only considered those annual productivity estimates based on a minimum of 10 flushed females (Moss et al., 2000; Summers et al., 2004) .
There are no annual survival probability estimates for our study population. Regarding the adult female annual survival, the literature provides a range of possible values from 0.63 in Scotland (Moss et al., 2000) to 0.82 in the Jura Mountains in France (Leclercq, 1987) . Intermediate values were obtained for Finland (0.71 in Linden, 1981) or Germany (0.65 in Storch, 1993) . With respect to immature survival, the availability of estimates was lower and variable depending on whether immatures were considered to be chicks, juveniles or fledglings in each study. For fledglings, values ranged from 0.50 in Scotland (Moss et al., 2000) to 0.16 in the Jura Mountains in France (Leclercq, 1987) .
Parameter combinations to set the baseline matrix
In order to deal with parameter choice uncertainty, we established a protocol to determine which combination of parameters (Prod, S Fl , S Ad ) would provide the same k as that calculated using our empirical adult densities. This combination was used to parameterise what we called the baseline matrix, used for subsequent modelling. On the basis of our fixed empirical average population productivity value, we searched for the possible values that both survival rates (S Fl and S Ad ) could take to achieve the observed empirical k value. For adult survival, we considered all values ranging from 0.62 to 0.82. These values together with productivity, allowed us to calculate what the survival of fledglings might be in each case. Fledgling survival rates lower than 0.16 or higher than 0.50 (limits from the literature) were discarded since they were considered to be biologically meaningless. Thus we obtained the more plausible combinations of parameters, which accounted for the population trend observed since 1989 (Table 1 ). In order to choose the final combination to be used in our modelling, elasticities were calculated for the three vital rates included in each combination, because the elasticity of a vital rate shows which is its relative contribution to the growth rate of the population (Caswell, 2001) . We employed these elasticities to ensure that the choice of a given combination of values for the vital rates considered, from a series of candidates, would not bias our results. This was done using the library MASS of R 2.12.0 software(R Development Core Team, 2010).
Initial population abundances, stochasticity and density dependence
Our observed population trend was based on densities, thus we had to back-transform them into absolute abundances to allow modelling. We did so by multiplying each annual density by approximately the core surface area currently occupied by the capercaillie in the study zone (5360 ha). The initial number of adult females was obtained using the average adult sex ratio observed in the route censuses. The average observed proportion of fledglings per adult was used to obtain the initial number of fledglings. To calculate the number of female fledglings we used the ratio provided by Moss et al. (2000) .
After an initial simulation including demographic stochasticity, we finally excluded it from our simulations, as its effect was found to be negligible. We only incorporated environmental stochasticity in productivity, since this was the only vital rate for which we knew the standard deviation from field data for the study population. In addition, capercaillie productivity is known to be highly variable from year to year, mainly due to variable temperature and rain conditions during the incubation and hatching periods (Moss et al., 2001 ). In our simulations of environmental stochasticity, productivity was sampled randomly from a lognormal distribution, with the mean and standard deviation estimated from procedures explained above. Densitydependent effects were not modelled because no evidence of them acting on any vital rate has been detected in the study population so far, and these are poorly known for the species (Grimm and Storch, 2000) . Fig. 1 . Life cycle used to build the Lefkovitch stage-based matrix models for capercaillie dynamics. Fl = fledglings; Ad = adults; release = released adults; Prod = productivity estimate; S Fl , S Ad and S Rel = annual survival rates for fledglings, adults and released adults, respectively. The ''release'' stage is only used in the management scenarios which include the release of captive-bred birds. 
Modelling management scenarios
We explored two management actions included in the capercaillie conservation strategies in Spain (http://www.marm.es/es/ biodiversidad/temas/conservacion-de-especies-amenazadas/ estrategias-y-planes-de-especies/), and their combination: (a) the reinforcement of the current population by means of the captivebreeding and release of individuals, (b) the removal of terrestrial mesopredators and (c) the combination of reinforcement and removal. Management scenarios were modelled for a hypothetical 8-year period, which started in 2010. This is the duration of two consecutive hypothetical LIFE+ -EU projects (http://ec.europa.eu/ environment/life). The initial population size for the prospective simulations was the value predicted by the retrospective baseline model for the year 2010. Prospective simulations were performed modifying the matrix parameters of the baseline model required to simulate each scenario. We maintained the same stochasticities as in the retrospective analysis. In addition, we were interested in the amount by which vital rates needed to be improved in order to achieve, at least, population stability (k = 1).
Release scenarios
From 1983 to 1992, the regional environmental authorities carried out a program of release of captive-bred capercaillies (García-Ferré, 1994) . The approximate number of birds released each year was 15. Released capercaillies were 3 months old at release (fledglings), and the sex ratio of releases depended on bird availability. Releases were carried out in September. The available information was mainly descriptive and showed that approximately 65% of the birds died during the first 2 months after release and less than 16% managed to survive at least 1 year in the wild. Newly released birds were predated in ca. 50% of the cases. These numbers illustrated that the mortality of newly released birds was very high, so we had to reduce the survival rates of immediately released birds (hereafter ''cost of release'') in our simulations. The information from the former programme did not include annual survival estimates corrected by the probability of recapture for released birds, so it could only be used as a raw orientation. Since there is no further information in the literature about the magnitude of the cost of release of captive-bred capercaillies, or other closely related species, we decided to use the cost of release estimated for the crested coot (Fulica cristata) . Although the habitats of coots and capercaillies share few similarities, coots are also ground-nesting herbivorous birds, with similar vital traits (i.e. similar longevity and high reproductive effort per season). Accordingly, coot survival was reduced by 79% in the first year following releases. By imposing such a high initial cost of release to capercaillie survival, we intended to be conservative in our approach, following the negative results of previous experiments with capercaillie captive-breeding and release reported by IUCN and by the release assay performed in the Pyrenees in the past.
We initially considered the release of both fledglings and adults. We applied the cost of release to both capercaillie fledgling and adult survival rates proportionally. Survival rates affected by the cost of release were 0.10 and 0.17 for the releases of fledglings and adults, respectively. We modelled this scenario by adding a third stage to the baseline matrix, the released birds (Fig. 1) . We also changed bird abundances in each time step of the simulation process to account for the incorporation of the newly released birds to population numbers. Preliminary results showed that the release of juvenile birds resulted in a negligible effect on the population, due to their low intrinsic survival rate together with the high cost of release. Therefore, we only modelled the release of adult females and in variable number: 15, 30 and 45 annually, with the latter amount being a possible upper limit for the availability of captive-bred capercaillies to be released at any time (Marshall and Edwards-Jones, 1998).
Predator removal scenarios
We took advantage of an ongoing experimental programme involving the removal of terrestrial mesopredators, carried out by the environmental authorities, in order to quantify the effect of predation by terrestrial carnivores on capercaillie vital rates. We established two control (C) areas and one treatment (T) area. Individuals were trapped and translocated (except for red foxes, which were legally euthanised) during the spring and early summer, to try to induce a positive effect on capercaillie laying, hatching and fledging success. This programme is now providing the initial results after 3 years of continued implementation starting in 2008.
Within an adaptive management framework we explored whether observed changes in productivity (between treatment and control areas during the 3 years of the experiment) could affect the population growth rate. Results were used to evaluate the utility of prolonging the removal experiment. The overall effect size was calculated as the standardised mean difference in productivity between treatment and control pairs (weighted by sample size), using a random effects meta-analysis approach by means of Comprehensive Meta-Analysis v12 software (Englewood, 2000) . The survival rates in the matrix were kept the same as in the baseline model since, in the absence of information, we were not able to assign any relationship between the removal of carnivores and improvements in the survival rates of the species.
Combination of predator removal and captive-bred releases
We simulated the combined effect of the two previous management scenarios because many previous attempts to reinforce wild capercaillie populations using captive-bred individuals have failed because of high predation rates acting on the inexperienced birds (Klaus, 1997 (Klaus, , 1998 Storch, 2007) . However, in the absence of data on the possible increase in survival in the newly released birds due to mesopredator removal, the two management strategies were combined using an additive approach. These scenarios were modelled by including in the matrix structure the possible changes in productivity obtained from removal field experiments and the reduced survival rates of released birds. Again, initial abundances were modified in each step to simulate the contribution of introduced birds.
This was done using softwares RAMAS Metapop (Akçakaya et al., 1997) and R 2.12.0, libraries MASS and msm (R Development Core Team, 2010).
Results
Population growth rate and trend
Empirically-obtained density data from 1988 to 2010 are shown in Fig. 2 , where the values discarded for further calculations due to previous filtering (years 1988, 1990, 1991, 1992 and 1997) suggest the same trend as the rest of the time series, except for 1995, which is considered to be an outlier. The observed population growth rate between 1989 and 2010 was 0.96 (4% annual decrease). The population density decreased from 0.11 adults per hectare to 0.04 in that period. A general linear model showed that the slope of the regression of density with time was negative and its departure from zero was statistically significant (slope estimate = À0.0025; 95% confidence interval of the slope: (À0.0035, À0.0016) (Adjusted r 2 = 0.6307).
Baseline model and retrospective simulation
None of the combinations that included an adult survival lower than 0.79 were considered to be biologically meaningful, given that they implied survival rates for fledglings much higher than those mentioned in the literature. The combinations that led to a deterministic lambda of 0.96 are presented in Table 1 . Combinations 1 and 2 were discarded because they slightly exceed the highest survival probabilities cited in the literature for fledgling females. Provided that the proportion between the relative contributions of each parameter to the population growth rate remained constant (approximate proportion 5:1:1 for S Ad , S Fl and Prod), we were quite confident that model choice would not affect the main results. We arbitrarily chose the combination defined by S Ad = 0.82 and S Fl = 0.45 to parameterise the baseline matrix. Fig. 3 shows the fit of the baseline model (baseline matrix + environmental stochasticity) to the overall trend observed in the population, with almost all the observed points being included within the 95% confidence interval of the mean trajectory, except for the unusually low data recorded in 1994, which cannot be explained by any clear reason. The stochastic lambda calculated from this model was 0.96 (SE = 0.06).
From the baseline matrix, we estimated what improvement in any of the vital rates was required in order to lead to population stability (that is, to a deterministic lambda = 1) ( Table 2 ). Productivity seems to be the only vital rate likely to be improved to drive this population at least to stability, following our approach which assumes that the only possible values for both survival rates are those stated in the literature. Nevertheless, any combined increase in recruitment parameters (productivity + fledgling survival), that summed up to 33% could also lead to stabilisation.
Prospective simulations: management scenarios
The results of the terrestrial mesopredator removal experiment are presented in Table 3 . The overall effect size was 0.14. This meant that this strategy increased the mean productivity of the treatment area by 36% and 32% with regard to the control zones 1 and 2, respectively. The fact that the 95% confidence interval of this estimate included the value zero (À0.18, 0.46) was most likely due to the low number of treatment-control pairs available for meta-analysis. However, we used the overall effect size for our modelling as the best estimate available so far of the effect of the removal experiment on capercaillie productivity for future conservation actions. Bearing this in mind, we decided to be conservative and to model only the less optimistic of the situations (the 32% of increase on total productivity). We converted this increase into the female portion of the fledglings, which implied a rise in the number of female fledglings per female from 0.30 to 0.40, for the subsequent modelling. For our simulations we assumed that the effect in 2010 would be maintained during the 8 years of simulated management. The results from the simulation of the eight possible management scenarios established (i.e. no action, mesopredator removal, three release scenarios (15/30/45 annual release of adults) and the three combined scenarios) are shown in Table 4 and Figs. 4 and 5. The stochastic population growth rate for scenarios 2-4, involving bird releases, did not change, but released birds contributed to population numbers. Therefore, and in order to show the magnitude of the effect of releases on population size at the end of the management period, we examined the simulated number of adult females at that time (Table 4) . If we take into account not only the average number of adult females at the end of the management period but its 95% confidence intervals (CIs) (Fig. 5) , the only strategies whose 95% CIs do not overlap with the 95% CI of the non-action scenario were the combinations of mesopredator removal together with the release of either 15, 30 or 45 adults annually. Hence only these strategies can be considered to be effective.
With respect to the expected population trend, in Fig. 4 we show that scenarios 2 and 3 do not succeed in reversing the declining population trend, while predator removal does (scenario 1, stochastic lambda = 0.99, SD = 0.06). The rest of the simulated scenarios (from 4 to 7) indicate that the population could increase, at least until the end of the management period.
Discussion
The low observed rate of decline (4% annual decline) coincides with the annual decrease estimated for capercaillies recently in Finland (Sirkiä et al., 2010) , and it can be placed in the context of the general decline of capercaillie populations throughout Europe (Storch, 2007) . The reduction is more intense in western and central Europe, where several local extinctions have occurred recently (Storch, 2007) . We caution that the transformation of our density estimates into number of capercaillie females must not be interpreted as real absolute population size estimates, since they depend on the estimate of surface area we used as the species' current range in the study area. It is important to clarify the fact that we were interested in modelling the population trend (i.e. comparable estimates of relative abundance from year to year) and not the absolute numbers, which are not confidently known. We succeeded in this respect, since the 95% confidence intervals of our simulations bracketed most empirically-derived data.
Not all the simulated management scenarios were able to reverse the declining population trend, although all of them caused relative rates of increase ranging from 1.15 to 2.35 in the simulated number of adult females. Only the release of 45 adult females per year could apparently compensate for current population losses. Certainly, we have imposed a strong cost of release (around 80%) to all scenarios involving the release of captive-bred birds, but this is probably not very unrealistic because data from past experience of the release of captive-bred individuals in the area showed that only 16% of birds were observed over a year later (García-Ferré, 1994) . In fact, the IUCN Grouse Specialist Group strongly discourages reintroduction and reinforcement attempts for the capercaillie because the chances of success are remote for this species (Storch, 2007) .
Moreover, according to our simulations, the removal of terrestrial mesocarnivores may lead to the stabilisation of the capercaillie population, contrary to the review by Lavers et al. (2010) who found that in ca. 30-67% of the bird species studied the predicted Moss et al. (2000) , for Scotland, and the highest derived from Kurki et al. (1997) , for Finland.
Table 3
Preliminary results of the 3-year predator removal experiment (2008) (2009) (2010) . Data refer to capercaillie productivity (fledglings/female) in the treatment area and in two control areas (1 and 2). The overall effect size was calculated as the standardised mean difference using a meta-analysis approach. N: number of detected adult females in that period; Mean and SD: average productivity for that period and its standard deviation. increase in productivity due to predator removal alone was insufficient to reverse the predicted population declines. However, these data are currently the only estimate of the effect of predator removal on the capercaillie population studied and they are still preliminary. The duration of other removal experiments in the literature was longer than 3 years (e.g. 6 years in Kauhala et al., 2000 and 8 years in Marcström et al., 1988 . This may help explain why the 95% confidence interval of the overall effect size of our removal experiment included the value zero, in addition to the scarcity of replications. As already mentioned, we analysed the data after 3 years of experimenting, to inform wildlife managers on the viability (or lack of viability) of continuing to implement such an experiment for longer. However, if we were to focus only on the average number of females obtained by simulation after the management period, our expectations might be too optimistic. Thus, we evaluated the efficacy of the different management scenarios by using the 95% confidence intervals of the abundance estimates. Thus, the only strategies that can be said to be effective are the combined ones (i.e. removal + the three release scenarios). Environmental authorities should assess the economics of these combined strategies, because the cost of predator control must be added to the cost of captive breeding.
The positive effect of removals on the population could be much greater if this action also had a positive effect on the adult survival rate, which is the most influential parameter in the population growth rate (see Table 1 ; whatever the combination taken the relative weight is five times higher for S Ad ). Similar previous experiments (Marcström et al., 1988; Kauhala et al., 2000; Baines et al., 2004) showed that predator control may have a positive effect on capercaillie breeding success, although none of them modelled its subsequent implications on population dynamics. The effect of predator removal on adult numbers was not so evident for Kauhala et al. (2000) , despite the fact that it increased the number of adults after 2 years of predator removal in islands in Sweden (Marcström et al., 1988) . Of the 23 radio-tagged capercaillies in an ongoing experiment in our study area that began in 2007, six of them (26%) were killed by predators (four females and two males). Although it cannot be stated with certainty that they died due to other reasons before being predated, this suggests that predation also affects adult capercaillie survival and not just offspring survival. Given that our population productivity is apparently lower than that of northern European populations, we expect that the survival of adult individuals in our study population is higher than in northern populations so that the lower productivity is balanced out. Although it seems logical at first sight to focus conservation efforts on the life stage most responsible for change in population growth, S Ad does not seem likely to be increased much more in our population because the value used in our model is already in the upper limit of the values reported in the literature for that vital rate. Hence, all our results point towards the convenience of focussing management efforts on improving recruitment (productivity + fledgling survival), but mainly productivity, to preserve the relict capercaillie population in the Pyrenees.
Exploration of the ultimate causes of predation
In all modelled scenarios, the population reverted to the original declining trend as soon as management ceased, as a consequence of our modelling procedure. However, this is likely to happen if the causes that are producing the current decline are not removed. Under the current circumstances, the releases may only constitute a temporary buffer to the loss of birds originated by the ultimate causes. According to the literature, the removal of predators seldom has had self-sustainable effects over time (Reynolds and Tapper, 1996; Smith et al., 2010) , although the short-term control of predators may allow prey species to achieve permanently higher densities when predator-prey dynamics are subjected to a ''predator pit'' situation (Evans, 2004) .
Among the principal threats for the species mentioned by the IUCN Specialist Group (Storch, 2007) , pollution, collisions and exploitation can be discarded, since they do not affect our study population. The effects of other causes such as small population size, habitat degradation, human disturbance, predation and climate change are still to be studied. However, the study area, like most of the mountain areas in southern Europe, has undergone major socio-economical changes over the last 60 years, characterised by a significant depopulation trend and the abandonment of traditional land uses, such as the ceasing of silvicultural practices (Lasanta-Martínez et al., 2005) . In parallel with this, predator removing practices, traditionally, rewarded financially by the Spanish Government, were prohibited (Martínez-Abrain et al., 2008) . Some studies have shown the negative effect of fragmentation-edge effects on capercaillie, increasing predation risk (Storch et al., 2005) , although little is known about the effect of forest densification. Along these lines, a recent study by Ameztegui et al. (2010) shows that the density (trees/ha) of mountain pine forests, the capercaillie's main habitat, almost doubled in the Catalan Pyrenees between 1956 and 2006. This densification may affect two of the most commonly cited factors in relation to the general decline of capercaillie populations: (a) predation rates and (b) bilberry cover.
In much of the study area the abundance of big game species (i.e. red deer, roe deer, fallow deer and wild boar) has greatly increased over the last decades, as has been the case in most of the Iberian Peninsula (Gortázar et al., 2000; Rosell, 2001; Carranza, 2002) . It seems reasonable to assume that the larger the population the higher the number of carcasses in the wild caused by heavy snowfalls in these mountains. Moreover, during the hunting season (October-February), hunters usually only collect their hunting trophies and leave behind the main portion of the carcasses. All these remains most likely serve as food for mesocarnivore guild during the winter season, when food availability is typically lower. In the absence of top predators and with this possible subsidisation of mesopredators, this guild may be having an impact on scarce prey, such as the capercaillie (Gompper and Vanak, 2008) . In addition, several studies have shown that overabundant ungulate populations may also have a substantial detrimental effect on capercaillie and other closely related species, such as black grouse, because they damage ground vegetation, mainly bilberry bushes (Baines, 1996; Pollo et al., 2003) .
Therefore, if the target is to prevent or correct possible hyperpredation, the removal of predators or the release of captive-bred birds would only address proximate causes. We believe that these strategies should be implemented as urgency measures while longer-term strategies, for the management of predation rather than predators, are implemented. In this respect, the reduction of wild ungulate numbers may have a double effect, reducing mesopredator numbers, by reducing winter subsidies, and preventing bilberry overgrazing. Likewise, the removal of hunting remains, and of any other source of human-based subsidisation, could also have similar long-lasting effects. Moreover, the recovery of former pine densities could reduce the impact of predation (i.e. increasing the chances of escaping from terrestrial predators) and benefit the growth of bilberry, which does not do well within particularly dense forests.
Future perspectives in capercaillie conservation. Adaptive management framework
In this study we have used all the information available on the Catalonian capercaillie population. For the first time, we used all the historical data from summer censuses, as well as data from a past captive-breeding experiment and from an ongoing experiment involving the removal of terrestrial mesopredators, to attempt to develop models that reflect realistic management options within a conservative approach. Nevertheless, uncertainty surrounding the species vital rates is high. Within an adaptive management framework, and in collaboration with regional and national conservation authorities, we have established a protocol for collecting new data and improving existing estimations of vital rates, which will update the population model built in this study and will provide guidelines for capercaillie conservation management in the future (Fig. 6) . However, our sample sizes will always be small given the fact that we are working with a small relict and threatened population, located in a high mountain area. Within the present context of rapidly changing global climate, management tasks addressing the conservation of relict boreal animal populations in southern Europe will be a challenge.
